The luminescent properties of conjugated polymers are seriously affected by concentration of the conjugated chains and the degree of polymer chain packing. We examined the effect of nanoporous morphology in the emitting layer of poly͓2-methoxy-5-͑2Ј-ethylhexyloxy͒-1,4-phenylene vinylene͔ to hope that it would prevent polymer chain packing so that effectively decrease interchain interaction caused by interchain species and aggregates. High luminance is obtained at relatively low current density since the annihilation of singlet excitons is decreased. Redshifted emission due to the interchain aggregates and excimers are also suppressed, so that the color purity of the devices is greatly improved. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2138676͔
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Polymer light-emitting diodes ͑PLEDs͒ have attracted much attention for their applicability to a large-area flatpanel display, its simple and easy processability, low-cost and short-time process.
1,2 So far, much research has been focused to reduce the interchain aggregation quenching of conjugated polymers in order to enhance the light intensity and efficiency of PLEDs. [3] [4] [5] When a conjugated polymer chain is isolated in a dilute solution, photoexcitation creates only one electronic species, namely, a singlet intrachain exciton. When the polymer chains are in contact with others in the film, however, the number of primary photoexcitations that result in interchain species would be prevalent, so that the formation of weakly emissive interchain species significantly reduce the efficiency of electroluminescent devices. 6 Aggregation is indeed a crucial obstacle in conjugated polymers since most films are spin coated from solutions with high enough concentration. In fully conjugated polymers, such as poly͓2-methoxy-5-͑2Ј-ethylhexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒, poly͑p-phenylenevinylene͒ ͑PPV͒, or CN-PPV, the nonemissive interchain excited states ͑bound pair of aggregate͒ are the major cause of quenched luminescence in polymer films. [7] [8] [9] This in turn leads to a reduction of the photo luminescence ͑PL͒ and electroluminescence ͑EL͒ efficiency, because of the quenching of emissive excitons due to high concentration. 6 Furthermore, excimers formed by the aggregation of polymer chains would generate undesired peaks. Also, the emission spectrum tends to be broadened and redshifted since these interchain species have a lower energy than that of the intrachain exciton and overlap the energy band. 10, 11 Theoretically speaking, in order to suppress the interchain interaction, the main chains of the conjugated polymer should be isolated one by one. It can be accomplished by blending with inert polymers, but there is a possibility of only slight phase separation between two polymers even though their chemical compatibility is excellent. Other efforts to maintain the d-spacing distance by the introduction of an alkyl sidechain or a sidesubstituent onto the main chain of the emissive polymers have been performed. [11] [12] [13] However, it is usually not easy to synthesize, and furthermore it could exhibit an undesired emission spectrum which is different from the original spectrum due to existence of the side chains.
In this letter, we would like to introduce an alternative method not only to enhance the brightness and quantum efficiency of EL devices but also to improve the color purity. It is an easy and simple method different from those tried until now. We have investigated how the nanoporous morphology of the conjugated polymers influences the performance of EL devices, and the emissive spectral width of EL devices with typical MEH-PPV polymer.
MEH-PPV ͑M w : 500 000͒ was purchased from SigmaAldrich Co.. We used 2-͑4-biphenylyl͒-5-͑4-tert-butylphenyl͒-1,3,4-oxadiazole ͑PBD͒ ͑Aldrich Chem. Co.͒ as the electron transporting layer with polystyrene ͑PS͒ ͑Aldrich Chem. Co., M w : 280 000͒ matrix. MEH-PPV and 2, 2Ј-azobisisobutyronitrile ͑AIBN͒ were dissolved in chlorobenzene in various ratios. AIBN is a typical initiator used in the thermal polymerization, and is dissociated into radicals above 50°C to release stable nitrogen gas.
14 EL devices were fabricated on indium tin oxide-coated glass substrates that were cleaned and treated with oxygen plasma before use. A layer of PSS:PEDOT with a thickness of 20 nm was first spin coated on the treated substrate, and annealed at 120°C for 1 h in the vacuum. Then, a 100-nm-thick layer of MEH-PPV/ AIBN were spin coated from a chlorobenzene solution ͑10 mg/ mL͒ on top of the substrate precoated with PSS:PE-DOT layer. These films were heated at 65°C for 4 h under vacuum to decompose the AIBN to generate N 2 gas, which results in the formation of the nanoporous morphology of MEH-PPV in the emitting layer. The polymer chains of MEH-PPV were stable at decomposition of AIBN, and dissociated radicals of AIBN were rapidly terminated by mutual atomic recombination. A hole-blocking/electron transporting layer ͑HBL/ETL͒ was then spin cast from a dimethyl formamid solution of PBD ͑50 wt %͒ in polystyrene with a 10 nm thickness on top of the emitting layer. 15, 16 When a metal electrode is directly deposited on the emitting layer via thermal evaporation, the performance of the device is deteriorated with increasing penetration depth of metal vapors. 17 In this system, in order to prevent penetration of the metal cathode into the nanoporous morphology of MEH-PPV, ETL was spin coated between the emitting layer and cathode. HBL/ ETL of PBD dispersed in a PS matrix plays a role of preventing metal vapors from penetrating into the active layer, thereby improving the performance of devices and electron injection. A cathode layer of 150-nm-thick Li:Al alloy was vacuum deposited at a pressure of 1 ϫ 10 −6 Torr. These devices were encapsulated by a covering glass with adhesive epoxy sealant. Figure 1͑a͒ shows the normalized PL spectra of the neat MEH-PPV and MEH-PPV/AIBN films in various ratios after decomposition of AIBN by heating. The intrinsic secondary vibronic emission peak around 630 nm caused by aggregates was gradually decreased, and the excimer emission around 700 nm due to interchain interaction was also reduced as morphology changes due to the increase of AIBN content. The normalized EL spectra of a MEH-PPV device and the MEH-PPV/ AIBN devices with the applied voltage at 6 V are shown in Fig. 1͑b͒ . These EL spectra were similar to the PL spectra in Fig. 1͑a͒ . As the emission peaks caused by interchain interaction and aggregates were decreased, the spectra was narrowed, resulting in improvement of the color purity. The emission spectrum was slightly blueshifted due to the nanoporous morphology with increased AIBN contents, because the red emission was weakened with decreased bandgap overlapping.
The MEH-PPV/ AIBN device with a ratio of 6/4͑MEH-PPV6 / AIBN4͒ showed the best color purity. Electroluminescent intensity was high in following order:
MEH-PPV6 / AIBN4 Ͼ MEH-PPV7 / AIBN3 Ͼ MEH-PPV8 / AIBN2 Ͼ MEH-PPV, and the light intensity of MEH-PPV5 / AIBN5 decreased by 20%-25 % relative to that of MEH-PPV6 / AIBN4 due to the low concentration of the emissive polymers.
The morphology of MEH-PPV/ AIBN blend film with an optimal ratio of 6 / 4, displaying the highest luminescent intensity, is illustrated in Fig. 2 . Transmission electron microscopy ͑TEM͒ revealed a uniform distribution of nano pores, 2-7 nm in size, throughout the film. This TEM image shows how the morphology of MEH-PPV film was changed due to N 2 gas generated by the decomposition of AIBN, while the morphology of neat MEH-PPV film is very homogeneous. This nanoporous morphology isolates conjugated polymer chains separately, which interrupts the formation of excimers owing to interchain interactions and staking between the conjugated segments, and prevents aggregate quenching processes. Figure 3 shows the current-voltage-brightness characteristics of devices with MEH-PPV/ AIBN blends after heating at 65°C for 4 h, compared to that of neat MEH-PPV device. For the MEH-PPV device, large numbers of aggregates caused by conjugated chain packing facilitate charge transport between chains and allowing high current density to flow between the electrodes, although it causes the nonemissive annihilation of excitons due to the interchain interaction. Therefore, it yields low quantum efficiency for electroluminescence. In general, to form emissive excitons by electrical injection, however, high current densities and carrier mobilities are required. The light intensity of the MEHPPV/ AIBN EL devices is increased remarkably due to the decrease of interchain interaction of conjugated polymer, and their current densities are increased proportional to light intensity, as emissive excitons that contribute to lumines- cence are generated in large quantities. However, because of suppression of the interchain interaction, considerably increased brightness was obtained compared with that of the MEH-PPV device, in spite of the ascent of a narrow range of current density. The maximum brightness of the MEH-PPV6/ AIBN4 device is about six times higher than that of the MEH-PPV device. The turn-on voltage ͑defined as the voltage required to give a luminance of 1 cd/ m 2 ͒ of the MEH-PPV6 / AIBN4 device was dramatically decreased from 2.8 to 1.8 V compared with that of the MEH-PPV device. The maximum external quantum efficiency of the MEH-PPV6 / AIBN4 device is 0.79% at a current density of 50.74 mA/ cm 2 , a voltage of 4.2 V, and a brightness of 954 cd/ m 2 . In conclusion, PL and EL properties of the devices with nanoporous morphology in conjugated polymer have been investigated in detail. The luminescent properties of the fully conjugated polymer were mainly dependant on its film morphology. MEH-PPV/ AIBN devices with nano-porous morphology suppressed the interchain interaction of polymer, and their luminance and efficiency were greatly improved. In this system, the emission from the interchain aggregates and eximers was restrained exceedingly, therefore, color purity was also greatly improved in PL and EL spectrum. This simple method can be applicable to most other luminescent polymer EL devices, because T g of most conjugated polymers is higher than that of the MEH-PPV ͑about 75°C͒. 
